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AbstrAct.
The present work is motivated by a long standing discrepancy between the electron temperature 
measurements of Thomson Scattering (TS) and Electron Cyclotron Emission (ECE) diagnostics for 
plasmas with strong auxiliary heating observed at both JET and TFTR above 6–7 keV, where in some 
cases the ECE electron temperature measurements can be 15–20% higher than TS measurments. 
Recent analysis based on ECE results at JET have shown evidence of distortions to the Maxwellian 
electron velocity distribution and a correlation with the TS and ECE discrepancy has been suggested. 
In this paper, a technique to determine the presence of non-Maxwellian behaviour using TS 
diagnostics is outlined. The difficulties and limitations of modern TS system designs to determine 
the electron velocity distribution are also discussed. It is demonstrated that small deviations such as 
those suggested by previous ECE analysis can be detected, depending on the spectral layout of the 
TS polychromators. The spectral layout of the JET HRTS (High Resolution Thomson Scattering) 
system is such that it could be used to determine these deviations between 1-6keV and the results 
presented here indicate that no evidence of non-Maxwellian behaviour is observed in this range. 
In this paper, a modifcation to the current polychromator design is proposed allowing Maxwellian 
distortions to be detected up to at least 10keV.

I. INtrODUctION
Incoherent Thomson Scattering (TS) has become a standard diagnostic for electron temperature 
Te and density ne measurements in modern tokamaks. A high power laser is directed into the 
plasma and as it propagates through the plasma, light is scattered from the electrons in its path. 
Through detailed analysis of the scattered light, the electron temperature and density along the 
laser path can be determined. In general, a Maxwellian electron velocity distribution is assumed 
to interpret the TS data and determine the electron temperature. How- ever, experiments [1–4] 
have suggested that this hypothesis can be violated during high auxiliary heating and it has 
been proposed that such non-Maxwellian behavior may be correlated to an observed TS/ECE 
discrepancy [3,5,6], where for temperatures above 6–7keV, the ECE and TS electron temperature 
measurements can disagree by 15–20%.
 Methods of detecting non-Maxwellian velocity distributions from TS data have been investigated 
but mainly for low temperature plasmas using high spectral resolution diagnostics with small signal 
errors [1,7,8]. Other approaches have been proposed to determine the electron distribution directly 
from the measured TS spectrum [10] by viewing the scattered spectra in several directions. A method 
introduced by O. Naito11 can potentially reconstruct the momentum distribution from incoherent 
TS data but unfortunately this could not be used to identify the small deviations discussed in this 
paper due to the limited spectral data of the JET High Resolution Thomson Scattering (HRTS) 
diagnostic.
 Modern TS designs require measurement across the full plasma and typically have a fixed 
viewing direction achieving temperature errors in the order of 10%. The limited spectral data and 
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significant signal errors mean that a determintaion of the actual form the distribution is hard to 
achieve and instead a comparison of the observed data with syntethic data can be employed to 
identify non-Maxwellian behaviour. This has been utilised in previous work to investigate the effect 
of non-Maxwellian velocity distributions during ECRH (Electron Cyclotron Resonance Heating) 
and ECCD (Electron Cyclotron Current Drive) on TS electron temperature measurements at TCV 
[12], where evidence of deviations from a Maxwellian were shown. In the present study, the HRTS 
diagnostic at JET has been utilised in an attempt to identify the presence of non-Maxwellian 
electron distributions and to investigate the capabilties of modern TS designs to determine non-
Maxwellian behaviour by comparing experimental TS signals with syntethic signals based on 
different velocity distributions.
 It is shown that small distortions to the electron velocity distribution may be detected but the 
temperature range over which it is possible is dependent on the design of the TS polychromator. 
The current design of the JET HRTS system only allows potential deviations to be detected between 
1–6keV and the experimental data provides no indication of the presence of non-Maxwellian behavior 
in this range. These investigations have important implications regarding the design of TS spectral
channels for the detection of non-Maxwellian electron distributions at high temperatures.
 The remainder of the paper is arranged as follows. In section 2, the principles of Thomson 
scattering diagnostics and the experimental arrangement of the HRTS diagnostic at JET are briefly 
outlined. The Lorentzian distribution, the non-Maxwellian bulk distribution and details of the 
theoretical analysis performed are discussed in section 3, while an analysis of the experimental 
data is discussed in section 4. The implications of the results on the ITER LIDAR are discussed in 
section 5. Conclusions are presented in the final section.

2. tHOMsON scAttErING DIAGNOstIcs
2.1. Scattered Power
The formula for the incoherent Thomson scattered power from a volume of electrons per unit solid 
angle Ω, per unit angular frequency ws, is given by [13],

(1)

where re is the classical electron radius, θ is the scattering angle, 〈Si〉 = (1/2) ε0c |Ei |
2 is the mean 

incident Poynting vector and v, b the electron velocity and normalized velocity. θ1 and θ2 are the 
angles between the electron velocity and the incident and the scattered wave vectors, respectively. 
be, bi, and bs are the components of the electron velocity in the direction of the incident electric 
field, incident and scattered radiation wave vectors. f (b) is the electron velocity distribution, k = 
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and ks and ws being the scattered radiation. Note that this is specified for the condition where the 
electric field ê is perpendicular to the scattering plane and only the component of scattered field in 
the direction of ê is measured. It is apparent that the scattered spectrum corresponds to the projection 
of the three-dimensional velocity distribution on the scattering vector and therefore, additional 
viewingdirections are necessary to determine an-isotropic behavior. In most TS arrangements, the 
scattering vector is such that the velocity component perpendicular to the toroidal magnetic field 
contributes most significantly to scattered signals as in the case for the HRTS diagnostic.

2.2. the Jet hrtS SyStem
The HRTS system is a conventional 90o geometry design measuring electron temperature and density 
using a 5J, 1064nm Nd:YAG laser at a repetition rate of 20Hz. The HRTS diagnostic provides a total 
of 63 spatial points using a total of 21 polychromators, yielding a 15mm spatial resolution along the 
outer radius of the plasma Section 1 1 m14. The Thomson scattered signal in each spectral channel 
of the polychromators, in number of photoelectrons per second, can be written as

(2)

where fi(ls) is the spectral transmission of the optical filter i incorporating the filter quantum 
efficiency, nlaser is the number of photoelectrons in the scattered laser pulse, ΔΩ is the solid angle 
of collection and L is scattering length. The spectral transmission functions for the HRTS filters 
are shown in figure 3(a). A least squares fit between the synthetic signals fi based on a Maxwellian 
distribution and the measured TS signals yi, given by the instantaneous light level minus the 
back- ground plasma light, is then performed to determine the electron temperature and density 
as shown below,

(3)

where i is the signal standard deviation in channel i, which is calculated from the total number of 
photons, n is the number of spectral channels and ne is the electron density.

3. cHI-sQUArE ANALYsIs UsING NON-MAXWELLIAN ELEctrON VELOcItY 
DIstrIbUtIONs

3.1. Procedure
In this section, details are outlined of an analysis undertaken to investigate if TS data can be utilized 
to detect the presence of non-Maxwellian velocity distributions. In this analysis, synthetic TS signals 
based on various electron distributions are fitted to simulated TS data and the underlying distribution 
may be determined by comparing the resultant chi-square values. Throughout the analysis different 
distribution functions were used to represent potential non-Maxwellian distributions; a generalized 
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Lorentzian was used to model a distribution with a high energy tail and a distribution suggested by
Krivenski [3] was used to model a distortion to the low energy part.

3.2. the Generalized lorentzian diStribution
A generalized Lorentzian distribution is commonly observed in space plasmas such as the solar 
wind and can be used to model distributions of higher average energy that cannot be represented 
by a superposition of Maxwellians.
 The generalized Lorentzian has the form of a power law distribution f(E) ∝ E

-k, where an 
appropriate relativistic form of the generalized Lorentzian is given by [15],

(4)

where p and me are the momentum and mass of the electron, g = [1 + p2/(mec)2 ]1/2, a = mec2/ (2T e*) 
and T e* is the bulk temperature. 2F1 is the Gauss Hyper- geometric function, B is the beta function 
and k is the spectral index, which describes the extent of the high energy tail. Note that as k 

→
 ∞, 

the distribution becomes a Maxwellian. In figure 1(a), the generalized Lorentzian distribution is 
shown for a number of k values.
 The spectral density functions for the Lorentzian distributions are shown in figure 1(b), where it 
can be seen that the high energy tail causes an increased ‘blue shift’ in the spectral peak compared 
to the Maxwellian as well as an increased broadening of the spectral shape.

3.3. the non-maxwellian bulk diStribution
A non-Maxwellian bulk distribution function was derived by analyzing the ECE spectra measured 
by the Michelson interferometer at JET over several harmonics for a specific TS/ECE discrepant 
case3. For this plasma shot, both the second and third harmonics (both X-mode and optically thick) 
were studied, thus providing two independent temperature profile measurements.
 Their temperature profiles were inconsistent and therefore, indicated an anomaly e.g. the 
presence of a non-Maxwellian distribution. A model non-Maxwellian bulk distribution function 
with a flattening in the low energy region was then proposed, which made it possible to theoretically 
reproduce the measured ECE spectrum. However, a physical mechanism necessary to achieve this 
bulk distortion was not established.
 In order to fit to the second and third harmonics, the Maxwellian distribution was altered in the 
energy range of the 2nd harmonic, i.e. where u ≈ 0.8-1.5, as shown in figure 2(a), with u = p/uth 

and uth  =   meTe. However, it was then necessary to alter the distribution in the very low energy 
region to ensure the normalization condition, ∫0

∞
 4pu2f(u)du = 1 was satisfied.

 A comparison of the scattered spectra for the Maxwellian and non-Maxwellian bulk electron 
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distributions at 10keV and for exact backscattering is illustrated in figure 2(b). It shows that for 
the non-Maxwellian spectrum, the ‘blue shift’ in the spectral peak is decreased and the spectrum is 
narrower. This is in complete contrast to the Lorentzian spectrum, as expected from the shape of 
the distributions. 

3.4. theoretical analySiS
In this section, synthetic TS data is generated based on a Maxwellian distribution for a temperature 
range from 0-15 keV and constant density of 2 × 1019 m-3.
 The different electron distributions are then fitted andthe ability to isolate the underlying 
distribution from the fitting results at each temperature is discussed.
 First, consider a 50 bin polychromator design with a spectral range from 650-1050nm. In figure 
3(c), the chi-square values from fitting Maxwellian and Non-Maxwellian bulk distributions to the 
Maxwellian based data with no signal errors are compared. It is seen that the 50 bin design can be 
used to identify the Maxwellian as the underlying distribution as the Maxwellian chi-square values 
are consistently lower than the non-Maxwellian bulk values. However, in reality the HRTS
filter design is limited to only 4 spectral bins, as shown in figure 3(a). This small bin number 
introduces “ripples” in the chi-square values of the fitted non-Maxwellian distribution as a function 
of temperature, caused by a transition from one spectral channel to another, the same as observed 
in the fractional temperature error.
 In the 4 bin case there are regions around 1.5 and 6keV, where the difference in chi-square 
between the distributions is small, such that in the presence of realistic signal errors, the underlying 
distribution may not be identified. Therefore, the 4 bin design can only be used to detect the electron 
distribution in certain temperature regions, where the chi-square difference is large. The extent of 
the observed “ripples” depends on the fitted distribution and in the case of a high energy tailed 
distribution like the Lorentzian, the third chi-square peak above 6keV does not exist (see Figure 
3(d)). This can be explained as above this temperature the tail of the scattered spectra is no longer 
measured and since the tail is the identifiable feature of the Lorentzian, the distributions can no 
longer be distinguished from their scattered spectra.
 The effect of “ripples” observed in the chi-square values can be minimized through an optimization 
of the filter design and thus maximizing the temperature range over which such distributions can be 
distinguished. This can be done by simply increasing the number of spectral channels to minimize 
ripple as shown for a 7 bin design in figure 3(b), which should be sufficient to allow deviations in the 
electron distribution for temperatures up to at least 10keV. Furthermore, an increase in the spectral 
resolution introduces the possibility of using a method to reconstruct the electron distribution11 that 
could also determine such small deviations in the electron distribution. Note however that this new 
bin design does not improve the temperature range over which the Lorentzian can be determined to 
the same extent as the non-Maxwellian bulk, again because the tail of the spectrum is not measured. 
Any further improvement in temperature range would require additional spectral range.
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Analysis carried out for simulated Maxwellian data with realistic signal errors such that temperature 
errors were approximately 10% showed that it was not possible to distinguish between the 
distributions from a single data set. A Monte Carlo simulation for 200 data sets at each temperature 
was carried out and the mean chi-square value is calculated. The mean chi-square difference 
at each temperature is shown in Figure 4 with the corresponding chi-square scatter within one 
standard deviation.
 Large signal errors mean that additional noise becomes a significant proportion of the collected 
light, making it much more difficult to identify the underlying distribution the from TS data. It can 
be seen that theMaxwellian can only be identified as the underlying distribution in regions identified 
by the peaks in 3(c). In the region 5.5-8keV, the chi-squares and therefore, the electron distributions 
cannot be distinguished. The low average and significant scatter in the chi-square difference values
show that a comparison of the fitted signals and therefore, the chi-squares, may cause a false 
detection of non-Maxwellian behavior if a single data set (i.e. from a single time slice) is used. 
Instead the comparison must be carried for a large number of data sets to obtain a reliable result. 
The same precautions must be also taken in the case of the Lorentzian distribution as expected. 
Only Maxwellian distortions that far exceed the signal errors could be reliably identified using a 
single data set.

4. APPLIcAtION tO Hrts DAtA
The method was then employed in the analysis of the HRTS experimental signals. The fits were 
performed at the plasma center over the entire duration of the HRTS measurement periods for 300 
JET pulses covering a temperature range from 0-8keV. As shown previously conclusions based on a 
single data set can be misleading due to the significant scatter in TS data, therefore it is not possible 
to detect non-Maxwellian behavior from a specific discharge. This means that if one would like to 
investigate the distribution behavior under certain discharge conditions one has perform the analysis 
of a large number of shots. Here a very large number of data sets were used but approximately 120 
data sets per bin is sufficient to ensure an accurate mean value is evaluated, which would correspond 
to about 25 discharges. The fitting data for all 300 shots was amalgamated with the collected chi- 
square data was then binned at each temperature value and by comparing the resultant chi-squares 
for each dis-tribution, the best fit distribution may be detected at each temperature.
 In figure 5(a), three separate plots as a result of fitting Lorentzian (k = 20) and Maxwellian 
distributions to the experimental HRTS data are displayed. The first showing the mean absolute value 
of the chi-squares being approximately 2, as expected for a system with two degrees of freedom. 
Also shown is the error in the calculated mean taking into account the number of data sets. The 
second plot illustrates the difference in chi-squares and we clearly see that the distributions can 
be distinguished, at least in the 1.5-6keV temperature range, which indicates that no evidence of 
Lorentzian (k = 20) behavior is observed. However as expected from the theoretical analysis, we
cannot distinguish between the distributions above 6keV due to the filter design. The k = 20 
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Lorentzian represents a small tail in the distribution compared to the Maxwellian and these plots 
show that even this small deviation could potentially be detected if present. Recall however that 
TS diagnostics only view the electron distribution along the scattering vector so non-Maxwellian 
behavior in other directions may still be present but the HRTS would not be affected.
 A comparison of the non-Maxwellian and Maxwellian fits are shown in figure 5(b). The results 
show that the Maxwellian is the better fit distribution across the temperature range but this can only 
be identified in the 1.5-5.5keV region again due to the filter design as outlined in the theoretical 
analysis. The third plots in figures 5(a) and 5(b) portray the relationship between the fitted 
temperatures of the Maxwellian, Lorentzian and non-Maxwellian bulk distributions. They show 
that if a non-Maxwellian bulk temperature is assumed a 8% increase in the estimated temperature 
is observed, whereas in the case of the Lorentzian, the temperature estimate will always be less 
than the Maxwellian.
 An issue which is of critical importance to determine small deviations in the electron distribution is 
the accuracy of the spectral calibration. The differences in signal between the distributions presented 
here are in the order of 5% and therefore calibration errors of this order in one or more of the 4 
spectral channels would have a significant effect and could cause a false detection of a distribution no 
matter how small the signal errors are. For the HRTS diagnostic, a calibration technique was carried 
out 16 to minimise errors whereby it was cross calibrated with the ECE Michelson interferometer 
to match temperature profiles of a high temperatute Pulse No: 77705 with NBI ≈ 23MW and ICRH  
≈ 1.5MW, where no indication of non-Maxwellian behaviour was observed from ECE.

5. ItEr LIDAr sPEctrOMEtEr
The core LIDAR TS diagnostic for ITER requires an electron temperature measurement range from 
500eV to 40keV at an accuracy of ≤ 10% across the plasma. Here the implications of the chi-square 
analysis on the ITER spectrometer design is discussed, where a design proposed by Beurskens et al 
[17] is considered. Simulated TS data based on a Maxwellian distribution was generated for the centre 
of the ITER plasma, where signal errors are such that the temperature error is approximately 5%.
 Figure 6 shows that for the plasma center the distributions can be distinguished from the chi-
square values for temperatures up to 40keV. However, in the presence of high signal errors (e.g. at 
other plasma locations) it may be difficult to identify the underlying distribution at temperatures 
around 2.3keV, 10keV and 30keV. To ensure that the underlying distribution can be identified at 
these temperatures in the presence of higher signal errors, two additional spectral channels were 
introduced by splitting the spectral range from 300-800nm into 5 separate channels. This again 
shows the advantage of additional spectral channels than are necessary for electron temperature 
measurements based on Maxwellian plasmas and is a matter to consider in the design procedure.

CONCLUSIONS
In this paper, a technique to examine non-Maxwellian behavior using TS data by monitoring chi-
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square values from fits based on synthetic signals has been presented. Investigations would indicate 
that this method can be used to detect small distortions to the Maxwellian distribution provided the 
calibration errors are sufficiently small. It has also been shown that in the presence of realistic signal 
errors, the analysis cannot be performed for a single time slice. Therefore the electron distribution 
cannot be determined throughout a single discharge as the results from individual data sets can be 
misleading due to the similarity of the synthetic signals and may cause a false detection of non-
Maxwellian behavior. Instead a large number of data sets from a collection of shots are required to 
perform the analysis. Only deviations that far exceed any possible signal errors could be reliably 
identified from a single data set.
 The design of the spectral filters determines the temperature range over which the underlying 
electron distribution can be identified. For the current HRTS spectrometer design, the distribution can 
only be reliably determined in the 1.5-6keV region. This can be improved through an optimization 
of the filter design by introducing additional spectral bins and/or increasing the measured spectral 
range. This provides important implications regarding the design of TS spectral channels for the 
detection of non-Maxwellian electron distributions with future systems such as the ITER LIDAR. 
It highlights the fact that higher spectral resolution designs than are necessary for Maxwellian 
temperature measurements are required to distinguish between different velocity distributions.
 The experimental analysis of the HRTS data for 300 plasma discharges spanning a temperature 
range of 0-8keV indicated that no evidence of non-Maxwellian behavior was observed, at least in 
the 1.5-6keV temperature range. Outside of this range the filter design prevented the distributions 
from being distinguished. Similar results were observed for shots both with and without an identified 
temperature discrepancy and so a correlation between the TS/ECE discrepancy and non-Maxwellian 
behavior was not established. However, the discrepancy is typically observed for temperatures 
exceeding 6keV, so these results cannot disprove the existence of a non- Maxwellian distribution.
 In this paper, it has been shown that the presence of a high energy population will cause one to 
indicate a higher electron temperature using a TS diagnostic if a Maxwellian velocity distribution 
is assumed. Further more, ECE temperature measurements derived from the second harmonic are 
largely unaffected by high energy tails, in particular if the emission is optically thick. Recall that the 
TS/ECE temperature discrepancy shows the ECE to be higher than the TS measurements, therefore 
this would suggest that the discrepancy cannot be caused purely by the effect of a high energy tail. 
It has also been shown that the existence of a non-Maxwellian bulk distribution, such as that used 
in paper, would cause a lower temperature to be measured by a TS system. In addition, a bulk 
distortion would also affect ECE measurements with higher temperatures estimated compared to 
an unperturbed Maxwellian case3. As a result, if the discrepancy is caused purely by the effect of a 
non-Maxwellian velocity distribution, then it would appear that only a distortion to the low energy 
region could explain the discrepancy.
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Figure 1: (a) Lorentzian distributions as a function of normalized momentum u = p/uth, uth =   meTe (b) Generalized 
Lorentzian spectra at Te* = 10keV and θ = 180o as a function of wavelength shift ε (         ).ls-li

li

Figure 2:  (a) Non-Maxwellian bulk distribution as a function of normalized momentum u = p/uth is shown compared to 
the Maxwellian distribution (b) Non-Maxwellian bulk spectrum at Te = 10keV and θ = 180o as a function of wavelength 
shift.
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Figure 3: (a) Normalized spectral transmission of the JET HRTS polychromator (b) Optimized 7 bin polychromator design
for improved detection of non-Maxwellian electron distributions (c) Comparison of Maxwellian and non-Maxwellian 
bulk chi-squares (d) Comparison of Maxwellian and Lorentzian chi-squares.

Figure 4: Mmonte Carlo simulation showing a comparison of the Maxwellian and non-Maxwellian bulk chi-squares 
for realistic signal errors.
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Figure 6: (a) Proposed ITER LIDAR spectrometer design17 (b) Comparison of Maxwellian and non-Maxwellian chi-
squares after fitting to theoretical ITER data.

Figure 5: (a) Experimental results showing the comparison of Maxwellian and Lorentzian (k = 20) chi-squares from fitting
to real HRTS data (b) Experimental results showing the comparison of Maxwellian and non-Maxwellian chi-squares 
from fitting to real HRTS data.
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